This study examines the relationship between core temperature and whole body energy expenditure, cerebral oxygen consumption (CMRO2), cerebral blood flow (CBF), and intracranial pressure (ICP) Subjects and methods
Disturbance of thermoregulation is frequently described in experimental animals and adult humans after severe trauma' 2 but there are few studies in injured children.3 4 Pyrexia may be viewed with concern as raised body temperature is associated with increased whole body metabolic rate5 and an increased incidence of convulsions in children under 5 years of age. Conversely, depressed body temperature may be associated with decreased whole body energy expenditure and, in the non-traumatised brain, decreased cerebral oxygen consumption (CMRO2).6 7 On the basis of these observations, some centres now include induced hypothermia in their routine management of children with severe head injury in order to decrease intracranial pressure (ICP) and CMRO2.8 Although this study examines the temperature response to severe head injury in children, raised core temperatures were managed aggressively and so the natural temperature response was modified by treatment.
Serial measurements of body temperature were made and related to simultaneous measurements of energy expenditure, CMRO2, cerebral blood flow (CBF), and ICP.
Subjects and methods

SUBJECTS
The study was part of a larger project examining the hormonal and metabolic response to head injury. 9 The study was performed in 18 children who had sustained a severe head injury and were receiving neurointensive care.
The mean age was 8-2 years with a range of 2 to 15 years. Sixteen children had isolated head injuries and two children had other associated injuries. Associated injuries were defined as injuries severe enough to warrant hospital admission in their own right which is approximately equivalent to an injury severity score of >9.10 In all cases the head injury was the most serious injury sustained. The criterion for admission to the study was a Glasgow coma score equal to or less than 8.1 In children aged less than 4 years, the adaptation of the Glasgow coma score by James and Trauner was used'2; the mean score was 6, range 3-8.
The injury severity score ranged from 10-35, with a mean of 21. None of the children studied had clinical or laboratory indications of infection. Further clinical details of the children are given in table 1 . Ethical approval for the study was granted by the joint ethics committee of Newcastle Health Authority and University of Newcastle upon Tyne and informed written consent was obtained from the parents. MANAGEMENT The clinical care of the children was the responsibility of the neurointensive care team. All children were intubated and received elective intermittent positive pressure ventilation with mild hyperventilation, arterial partial pressure of carbon dioxide being maintained between 3 5-4 5 kPa, with a fractional inspired oxygen concentration of 0-3-0 35.
The children were sedated with continuous intravenous infusions of fentanyl (mean 3 3, range 0-6-8-4 ,ug/kg/hour); 15 
METHODS
Serial measurements of whole body metabolic rate and cerebral metabolic rate were made in each child as soon as possible after admission to the intensive care unit and repeated every 6-24 hours until the child was no longer receiving neurointensive care. At the time of each measurement the rectal and ambient temperatures were recorded, as was the instantaneous ICP displayed on the Simonsen and Weel pressure module (Simonsen and Weel). An arterial blood sample was taken for the measurement of plasma concentration of adrenaline in all children at the end of the measurement of whole body metabolic rate. However, the hormone data will only be discussed for one of the hypothermic children, the other results having been discussed in a previous paper.9 All measurements were made during periods of clinical stability, indicated by stable blood pressure, pulse rate, and temperature.
MEASUREMENT OF WHOLE BODY ENERGY EXPENDITURE
Whole body metabolic rate was measured by indirect calorimetry using a modified Douglas bag technique.14 This method has been described in detail in a previous paper and will only be outlined briefly.9 All children were ventilated with a Servo 900C ventilator using warmed humidified gases. A sample of the inspiratory and all the expiratory gases were collected into 5L and 1 QOL metallised gas bags (Signal Instrument Company), respectively, over an accurately timed period of 10-20 minutes depending on the minute volume of the child. The bags were then sealed until analysis. One litre of each of the expiratory and inspiratory gases was taken for analysis of oxygen and carbon dioxide concentrations.
Inspiratory and expiratory oxygen concentrations were measured using a paramagnetic oxygen analyser (Servomex 540A, Servomex), modified to analyse discrete 100 ml gas samples and to give a digital readout. Expiratory carbon dioxide concentrations were measured using an infrared carbon dioxide analyser (Servomex PA404, Servomex). Each 100 ml gas sample was dried before analysis by passing it through anhydrous calcium chloride (BDH). Gas samples were analysed in triplicate to ascertain stable results. The volume of the remaining expired gas was measured using a dry gas meter, DTM-200-4 (American Meter Company, distributed by International Gas Apparatus Ltd) and expressed in terms of standard temperature and pressure, dry (STPD) conditions. Twenty four hour urine collections were made and the total volume of urine measured.
Aliquots of 5 ml were stored at -40°C for later determination of total nitrogen content by the Kjeldahl method'5 using an automated Kjeltac 1026 distillator (Perstorp Analytical Ltd).
The complete indirect calorimetry system was evaluated using nitrogen and carbon venous bulb. The position of the catheter tip at the base of the skull was confirmed by a lateral radiography of the head and neck. The KetySchmidt technique, which is based on the Fick principle, has been described in detail in a previous paper. 20 At the end of each measurement of CBF, arterial and superior jugular venous bulb samples (0 5 ml) were obtained. Blood gas analysis was performed using a Radiometer analyser (Corning 1312) and the oxygen saturation (Sao2) and haemoglobin (Hb) concentration were measured using a co-oximeter (OSM2 Hemoximeter, Radiometer). Blood oxygen (02) content was calculated according to the equation2l:
where Hb=haemoglobin concentration in g/100 ml of blood; Sao2=Sao2 expressed as a proportion; and p02=partial pressure of 02 in kPa. This gives 02 content in ml/100 ml of blood. It was then expressed in pumol/ml by multiplying by 0-446. The cerebral oxygen consumption was calculated from the equation:
Where CMRO2 is in ,umol/g/min; CBF is in ml/g/min; and A and V=arterial and cerebrovenous contents of oxygen respectively in pLmoUml.
THE NEED FOR CORRECTION OF CBF AND CMRO2 FOR TEMPERATURE
The need for correcting CBF for the effects of temperature was considered. Temperature may affect the calculation of CBF by altering the partition coefficient of nitrous oxide (N20) between blood and brain. The mean temperature coefficient in %/°C of the Ostwald solubility coefficient of N20 is -2-33 in aqueous solutions and about -1 13 in fat.22 Brain is only partially composed of fat (30-40%)23 and so, over a range of 5°C, the partition coefficient would change by considerably less than 5%. This is within the error of the method for measuring cerebral blood flow and may be ignored.
The need for correcting CMRO2 for the effects of temperature was studied. CMRO2 is expressed in ,umol/g/min and this expression is independent of temperature. However, temperature may have important effects on the different components measured in blood oxygen content. Haemoglobin concentration and saturation are independent of temperature but the solubility of oxygen varies inversely with temperature, with a change in solubility coefficient of about -1 5%/oC.24 Over a temperature range of 5°C, the change in solubility There was no evidence of a significant correlation between rectal temperature on admission and Glasgow coma score (p=0-88, r=0-039). Figure 2 shows whole body energy expenditure, CMRO2, CBF, and ICP together with reference ranges for CMRO2 and CBF for normal resting children,28 over the first 120 hours after the head injury. Energy expenditure was within the reference range for normal resting children as predicted on the basis of age, sex, and weight for 86 (82%) measurements, raised for four (4%) measurements, and depressed for 15 (14%) measurements.29 CMRO2 was within the reference range for 93 (99%) measurements. CBF was within the reference range for 75 (80%) measurements, raised for one (1%) measurement, and depressed for 18 The within child relationship between log CBF and rectal temperature in 15 children is shown in fig 3C. There was no evidence of a statistically significant relationship (p=0 27). There are many other possible determinants of CBF which may be influenced by severe head injury. These include cerebral perfusion pressure, arterial oxygen content, and arterial partial pressure of carbon dioxide.31 In order to ascertain the effects of these variables on the relationship between CBF and core temperature, they were each included as covariates in a multilevel model with CBF. There was still no evidence for a statistically significant relationship between CBF and core temperature (temperature p=0-64, cerebral perfusion pressure p=0-21, arterial oxygen content p=0-001, arterial partial pressure of carbon dioxide p=0002). Two children were rendered mildly hypothermic (mean 34-0, range 32-6-34 9°C) as part of their management because of raised ICP resistant to treatment with hyperventilation and mannitol administration. One child was a girl of 10 years with a Glasgow coma score of 4 who had been involved in a road traffic accident. Despite neurointensive care, her ICP continued to increase and on day 5 surface cooling was started. Measurements of rectal temperature, whole body energy expenditure, CMRO2, CBF, ICP, and plasma adrenaline concentrations were made when her temperature had stabilised. The serial measurements of these variables are shown in fig 4. It can be seen that as the child's rectal temperature decreased, her whole body energy expenditure increased, the CMRO2 increased slightly, CBF decreased, ICP continued to increase and plasma adrenaline concentrations increased 10-fold. The child's condition continued to deteriorate and she died 24 hours after the final measurement.
WHOLE BODY ENERGY EXPENDITURE, CMR02, CBF, AND ICP AFTER SEVERE HEAD INJURY
The second child was a boy, aged 14 years, who had been involved in a cycling accident. Infusions of dopamine and noradrenaline were started simultaneously with surface cooling making the results of the observations difficult to interpret. However, a reduction of core temperature to 32 6°C was not associated with a decrease in CMRO2 and ICP levels.
Discussion
After severe head injury, mean rectal temperature lay above the normal range and did not change significantly over time in this group of children. Body temperature is normally maintained in man within a limited range of 36 5-37 5°C. The central thermoregulatory centre, located in the preoptic anterior hypothalamus, receives input from superficial and deep thermal receptors.32 Any discrepancy between central and peripheral temperatures and the central temperature 'setpoint' are detected and efferent reflexes generated to conserve or dissipate heat. Heat loss may be increased by peripheral vasodilation and sweating and decreased by vasoconstriction.33
Heat production may be increased by shivering34 and non-shivering thermogenesis.35
Although body temperature is often reduced immediately after injury in adult man, body temperature and whole body metabolic rate increase after the first 24 hours.1 There is good evidence that this is secondary to an increase of the hypothalamic thermoregulatory setpoint. The increase of the thermoregulatory setpoint is believed to be mediated by interleukin-1 (IL-1) produced by macrophages following tissue damage.36 Prostaglandins are thought to be the intermediaries in the actions of IL-1 and act by altering the activity of temperature sensitive neurones within the hypothalamus.37
Although there is evidence that the mechanisms for thermoregulation mature slowly in man, few studies have investigated thermoregulation after injury in children. High fevers are documented in children in the first 48 hours after thermal injury, a feature which is uncommon in burned adults.4 It was found that paracetamol reduced pyrexia in 80% of these children. The finding that paracetamol, a prostaglandin synthetase inhibitor, was an effective antipyretic agent suggests that the mechanism underlying the pyrexia in these burned children was an increase of the thermoregulatory setpoint.3 The head injured children in the present study showed a similar response to that described in burned children with raised temperatures occurring within nine hours of injury.
There was a highly significant positive relationship between log energy expenditure and rectal temperature in this group of severely head injured children. The mean increase in whole body energy expenditure was 7.40/o/°C. The Du Bois formula states that the mean increase in energy expenditure should be 130/o/°C in accordance with the van't Hoff law or Qlo effect.5 However, deviations from the Du Bois formula have been found in studies of postoperative and injured adults38 39 and in burned children40 suggesting that surgery and trauma can effect changes in the rates of energy expenditure independent of temperature change. Raised metabolic rates increase nutritional demands, which being difficult to meet, result in tissue wasting and an increased susceptibility to infection.4' It seems reasonable, therefore, to reduce the raised core temperatures, if possible, with a centrally acting antipyretic such as paracetamol.
Mild hypothermia, induced by surface cooling and neuromuscular blockade, does not affect the thermoregulatory setpoint and so, as temperature falls, efferent output from the hypothalamus acts to attempt to restore normothermia. This is achieved by increased heat production, principally non-shivering thermogenesis mediated by large increases in catecholamine production. 35 42 This response is shown in the first child treated with mild hypothermia described in the study where, contrary to expectations, there was an increase in whole body energy expenditure as body temperature decreased. The mild hypothermia may, therefore, have had potentially adverse consequences.
Many studies on animals and humans with intact uninjured brains show a significant positive relationship between CMRO2 and core temperature6 7 43 with temperature coefficients of 84-1 50/o/°C. It was surprising, therefore, to find no significant relationship between CMRO2 and core temperature. It is probable that CMRO2 is strongly influenced by factors induced by the response to trauma which are masking a relationship with core temperature. This conclusion is supported by the findings of a preliminary study of the effect of moderate therapeutic hypothermia after severe head injury in adult man.44 Mean CMRO2 decreased significantly during cooling but the temperature coefficient was low, about simultaneous measurements of rectal and aural temperatures have shown that aural temperature is usually within +-05°C and that the pattern of change shows excellent correlation.4245 To the best of our knowledge, the relationship between rectal and aural temperature has not been studied after head injury.
There was no evidence of a significant relationship between either log CBF and body temperature or ICP and body temperature. Studies in the literature show that CBF has a positive relationship with temperature but the temperature coefficient is variable.6 7 This is because CBF is strongly influenced by factors which vary independently of temperature, for example, arterial oxygen content and arterial partial pressure of carbon dioxide, both of which were significantly related to CBF in our study. Studies in adult man after severe head injury have also shown a variable relationship between ICP and core temperature.44 46 In conclusion, most children became pyrexial after severe head injury and this is likely to be the result of an elevated thermoregulatory setpoint. As raised temperature was associated with raised whole body energy expenditure, it seems reasonable to treat the increased core temperatures with a centrally acting antipyretic such as paracetamol which may reduce the setpoint and, hence, body temperature. Whole body energy expenditure will thus decrease, reducing the nutritional demands on the head injured child. Conversely, although surface cooling may increase peripheral heat loss, it does not alter the central thermoregulatory setpoint and, thus, may have an adverse and unanticipated effect of increasing body metabolism.
There was no evidence of a significant positive relationship between raised or normal core temperature and CMRO2, CBF, and ICP. Pyrexia is usually treated aggressively after severe head injury because of concerns that raised core temperatures will result in raised CMRO2, placing increased demands on a possibly compromised cerebral blood supply. However, it should not be assumed that the treatment of increased rectal temperatures will necessarily result in a reduction in CMRO2, which may be affected by many local stress induced factors.
The protective effect of hypothermia on cerebral function after severe head injury has not yet been fully elucidated. In our study, CMRO2, CBF, and ICP did not decrease in two critically head injured children treated with mild hypothermia. However, there is evidence to suggest that the protective effect of hypothermia is unrelated to its effect on energy metabolism and may involve the stabilisation of cell membranes and the prevention of toxic levels of extracellular excitatory amino acids.47 48 Further studies are needed in order to fully evaluate this mode of management before it can be recommended for routine use.
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